Arsenic contamination of groundwater has been identified in Cambodia, where some 100,000 family-based wells are used for drinking water needs. We conducted a comprehensive groundwater survey in the Mekong River floodplain, comprising an area of 3700 km Holocene sediments between the rivers is caused by reductive dissolution of metal oxides.
Introduction
Arsenic is a persistent contaminant in groundwater and drinking water in countries such as Bangladesh, Vietnam, Argentina and the United States (1) (2) (3) . The Bengal Delta is the most prominent region because some 43 million people have been drinking arsenic-rich water for 20-30 years (1) . Health problems are reported to occur after 10-15 years of chronic exposure to elevated As levels around 50 µg L -1 . The World Health Organization (WHO) recommends 10 µg L -1 As as drinking water guideline.
Drinking water supplies in Cambodia are dependent on groundwater resources. Although surface water is still used as drinking water in some areas, family-based groundwater tubewells were becoming popular during the last 10 years. In Kandal Province, some 1 million people have stopped using surface water due to bacterial diseases that are at least partly responsible for a high infant mortality (71 deaths/ 1000 live births) (4).
Arsenic concentrations of 100-500 µg L -1 were for the first time identified in Cambodia in 2000 through a small scale drinking water quality screening in hand-pumped tube-wells (5).
Consequently, several NGOs have tested groundwater by field-test kits and identified areas
where 20% of the tube-wells had As levels >50 mg L -1 and 50% were >10mg L -1 . However, only four publications dealing with the arsenic problem in groundwater of the Mekong Delta (including Vietnamese part) are published to date (6) (7) (8) (9) . They provide a very coarse picture of the situation, and prediction according to their presented risk maps is misleading in certain areas. For example, high risk areas are suggested for the whole Kandal Province and neighboring Takeo and Prey Vêng Provinces (6, 7) , whereas we could show that there are sharply confined low arsenic regions west and east of the rivers Bassac and Mekong.
Moreover, in contrast to Stanger et al. (7) , this study demonstrates that groundwater arsenic is not an ephemeral problem.
The Mekong Delta is located in southern Vietnam and neighboring Cambodia between 8°30'
to 11°30' N and 104°40' to 106°50' E and is confined by the South China Sea in the southeast, the Gulf of Thailand in the west, the Vamcodong River in the northeast and a well-defined late Pleistocene terrace to the north. The Mekong River is 4300 km long and has a catchment area of 520,000 km 2 . It originates in the Tibetan Plateau, and flows through China, Myanmar, Laos, Thailand, Cambodia and Vietnam. Close to Phnom Penh, the Mekong divides into two branches, the Mekong to the southeast and the Bassac River to the south. To the north, the between the Bassac and Mekong River in Kandal Province (group "middle") and 16 east of Mekong River in Prey Vêng Province (group "east") (see Figure 1 ). Seven wells located west of and very close to Bassac River (north of 11°47' N) were attributed to the "middle" group due to the meandering structures observed which were otherwise only found between the rivers. Moreover, four river water samples (Tonle Sap River, Bassac, Mekong south and north of Phnom Penh) were analyzed. In order to study fluctuations in groundwater composition, another 26 wells located in a special study area of the "middle region" (Kandal and dissolved organic carbon (DOC) with a TOC 5000 A analyzer (Shimadzu, Switzerland).
Details on quality assurance are given in the SI.
Statistical Analysis. For the three regions "west", "middle" and "east", statistical analysis of variance (ANOVA) was conducted using Systat 11 (Table SI 2 
Results and Discussion
Arsenic contamination and redox parameters. This very small slope is not recognized by eye. Note 2: Only few samples could be collected in the inner floodplain between the Mekong and Bassac Rivers because this area is swampy, scarcely populated and almost inaccessible. The average arsenic concentration in the "middle region" is significantly higher than in the "west" and "east region" (see Table SI As can be seen in Figure 2b , very high As concentrations (>1000 mg L -1 ) were accompanied
by pH values >7.3. Neutral to high pH conditions favour As release by promoting desorption processes compared to the predominantly acidic conditions found in the "west" and "east region" (1, 3, 17) . High arsenic concentrations in the studied area of Cambodia are clearly triggered by reducing conditions, and pH ≥7 might possibly enhance the mobilization of As at some locations.
Sediment coring and analysis was beyond the scope of this study and omitted because the composition of sediments is not necessarily indicative of the aqueous phase composition (18, 19) . Or in the words by Meharg et al.: "...the solid-to-solution mass transfers of As required to produce contaminated groundwater are small in relation to the total amount of As in the sediments. This makes it difficult to use mineral mass balances to deduce the mobilization and precipitation mechanisms responsible for the high-As groundwaters" (20) .
Manganese contamination. The "west region" exhibits suboxic conditions (E h ≈ 0) with low
As concentrations (9 µg L -1 ), but it contains significantly higher average Mn levels (1.1 mg L -1 ) compared to the "middle region" (0.6 mg L -1 ) and the "east region" (0.3 mg L -1 ) (Table SI 2 (Figure 3a ). This might be due to MnCO 3 precipitation (the "west region" is slightly over-saturated with respect to MnCO 3 ; Q sp = 3.2 10 -11 >K sp = 1.8 10 -
and/or -to a lesser extent -MnS precipitation at lower E h values (Table SI 4 ). As a result of such redox conditions, elevated Mn levels are strongly anti-correlated with As (the higher the As level, the lower the Mn level and vice versa) (Figure 3b ). Major cations and anions. Total water hardness is 2-3 times higher in the "west region" compared to the "middle" and "east region" ( Table 1 ). The Na/Cl ratios being >1 in most of these samples suggests ion exchange by Ca on clays ( Figures SI 8 a,b) . The stoichiometric ratios of Ca:Mg = 1:1.1 (ideally 1:1 for CaMg(CO 3 ) 2 ) and Ca:HCO 3 = 0.3:1 (ideally 0.25:1)
found in the water samples imply dissolution of CaMg(CO 3 ) 2 ( Figures SI 8 c,d) . Thus, the origin of the alkalinity is predominantly based on the dissolution of dolomite.
The pronounced gradient of total hardness from the "west" to the "middle" and "east"
indicates that groundwater in the "west" and the "east" is influenced by other sources than river water infiltration. Obviously, the sharply confined arsenic risk areas exhibit different total hardness. Again, the low relief topography coincides with the groundwater composition as discussed above.
According to the relative molar portion of the dissolved ionic species, groundwater in the "middle region" is of Ca-Mg-(Na)-HCO 3 type (40%), the rest dominated by Mg-Ca-Na-HCO 3 and Na-Ca-Mg-HCO 3 (Figure 4) . The "west" and "east" regions are mainly of the Na-(Mg)-HCO 3 -(Cl) type. There is a mixing trend towards more sodium rich water with distance from the rivers Mekong and Bassac. The few "middle region" samples that show a clear CaMg prevalence are situated very close to the rivers, and might therefore be predominantly infiltrated river water. This is supported by the fact that Mekong River water composition shows also a clear Ca-Mg prevalence (Figure 4 ) (11). (Table SI 3 ). Yet, compared to the differences found between the three regions, these fluctuations were small. The deviations from average (n = 3, maximum 25%) are shown for As in Figure SI Concentrations of major cations and anions remained constant over the 9-month study period and so did concentrations of heavy metals, leading to a constant total hardness of these groundwater samples. No significant dilution was observed during the inundation period.
Health Considerations. Most of the tube-wells were built during the last ten years. Incidents of chronic As related diseases such as arsenicosis were already reported (M. Sampson, personal communication).
Because arsenicosis is known to occur after 10-15 years of chronic As ingestion (>50 mg L -1 ), people drinking contaminated water are exposed to a serious health risk. Skin lesions in children and significantly higher As levels in human hair samples of people living in Kandal
Province are proof that the problem must be taken seriously (27) . In addition, the elevated Mn concentrations should be considered. Infant mortality in Cambodia is 71/1000 which is 18 times higher than in central Europe (4). The health impact of Mn is known to be harmful for newborns and children (23, 24) . This health threat justifies international recognition. Consequently, we urgently propose early mitigation actions in order to reduce the risk of chronic arsenic poisoning of a million people living in Kandal Province.
Besides a scientifically sound distinction of relevant geochemical factors, we have shown that the present topography (low relief) coincides with sharply confined high and low arsenic areas, and that it reflects the boundary of recent Holocene sediment deposits. We believe such topography is a worthy indicator to be considered in As groundwater studies.
Supporting Information Available
Full geo-referenced database of 30 parameters measured in the groundwater samples, details
and results of quality assurance, statistical analyses of variance (ANOVA), principal component analysis (PCA), several plots of cross-correlation, temporal variations of arsenic, and satellite pictures of the study area. This material is available free of charge via the Internet at http://pubs.acs.org.
Brief
Based on a comprehensive groundwater survey conducted in Cambodia, this study reveals sharply confined risk areas of arsenic and manganese contamination that have not been recognized previously.
